Modeling and control of a web-fed machine  by Chen, Chieh-Li et al.
Applied Mathematical Modelling 28 (2004) 863–876
www.elsevier.com/locate/apmModeling and control of a web-fed machine
Chieh-Li Chen a, Kuo-Ming Chang b,*, Chih-Ming Chang a
a Institute of Aeronautics and Astronautics, National Cheng-Kung University, Tainan, Taiwan
b Department of Mechanical Engineering, National Kaohsiung University of Applied Sciences,
415 Chien Kung Road, Kaohsiung 807, Taiwan
Received 19 December 2000; received in revised form 15 April 2004; accepted 16 April 2004
Available online 6 July 2004
Abstract
This paper describes the mathematical modeling and control of the tension and the speed of moving web
in a web-fed machine. In this paper the web control system is structured as a two-input and two-output
system. To lessen the eﬀects of system uncertainties, such as system parameters, unmodeled errors, and
external disturbance uncertainties in the web control system, a sliding mode control (SMC) is proposed,
with an estimator based on a recurrent neural network, which is applied to estimate system uncertainties.
Some simulation results are presented to show that the proposed control scheme is feasible for a web-fed
machine.
 2004 Elsevier Inc. All rights reserved.
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In the manufacture of continuous webs such as paper products, plastic ﬁlms, metal foils etc., it
is important to maintain the tension and the speed of the web at the reference values between the
consecutive pairs of drive rolls. A moving web under insuﬃcient tension cannot track properly
and may wrinkle the web, while excess tension may result in web deformation or even a web
break. At the same time, unacceptable levels of speed variation can cause detrimental variation
in tension. In view of the importance of both speed and tension control, a number of researchers
have investigated the modeling and control of the web-fed machine. The web-fed machine* Corresponding author.
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winder. The mathematical model for the tension control system has already been developed [1–4].
From those studies it is well known that the web tension control system has a structure of multi-
inputs and multi-outputs, consisting of certain subsystems with strong interactions between
neighboring subsystems through the associated web tensions. Those subsystems are usually di-
vided into tension control and speed control as the two main system groups. However, since the
web control system often contains a number of drive rolls in practice, it is generally regarded as a
large-scale system for which it is quite diﬃcult to utilize a centralized control. Sakamoto and
Izumihara [5] presented the decentralized control concept to design a high gain adaptive control
and an H-inﬁnity control. Bastogne et al. [6] proposed an identiﬁcation procedure based on a
linear speed-torque control conﬁguration model for multivariable tension control in a winding
pilot plant. For the longitudinal vibration problems of the web, which can limit control perfor-
mance and may cause spillover instabilities in the web control system, Lee and Mote [7] developed
a boundary controller for optimal damping; Ying and Tan [8] propose an active vibration control
strategy using a space feedforward controller; Nagarkatti et al. [4] presented a model-based
boundary control to exponentially stabilize the web tension and longitudinal vibration. All these
speed and tension controllers neglect system uncertainties and external disturbances. Okada and
Sakamoto [9] introduced a methodology for a self-tuning fuzzy controller in which the control
parameters can be altered so that the whole system has suﬃcient stability and performance in the
presence of system parameter or structure uncertainty.
This paper will present an integrated tension and speed controller for the web control system
responding to the system parameters, structure uncertainties and external disturbances. The
mathematical model for the web-fed machine will be developed ﬁrst. In view of the modeling error
between a system’s mathematical model and the real world we will incorporate the system
parameter variations, and the external disturbances, which usually occur in the practical control,
in the sliding mode control strategy used in this study. Meanwhile, to decrease the detrimental
eﬀects of these system uncertainties, an estimator based on a recurrent neural network is imple-
mented to estimate the system uncertainties in order to make the operation range more ﬂexible
and improve the control performance. Finally, some simulation results are proposed to illustrate
the performance of the sliding mode control scheme for the web-fed machine.2. Mathematical model
The layout of the web-fed machine as shown in Fig. 1 is considered in this work. For the sake of
simplicity, the following assumptions are made.
(1) The ﬁlm thickness is very thin and corresponds in thickness to the roll diameter.
(2) The slipping phenomena that usually exists between the web and the nip rolls are not consid-
ered.
(3) The tension sensor only moves vertically, and is constrained by the design of the web-fed
machine.
(4) All idler rolls have a rotational inertia equal to 0.
Fig. 1. Layout of a web-fed machine.
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As shown in Fig. 2, it is assumed that the mass of the belt is 0 and that the transmitting eﬃ-
ciency is 100%. The following relationships can be obtained from the law of energy conservation.saðtÞxaðtÞ ¼ sbðtÞxbðtÞ; ð1Þ
sbðtÞ ¼ saðtÞRbRa ; ð2Þwhere x and R represent the angular velocity and the radius of roller respectively, s represents the
torque. In this paper, two torque motors are used in the web-fed machine. Therefore, the motor
torque sa is proportional to the current iðtÞ applied to motor, i.e.saðtÞ ¼ ki  iðtÞ; ð3Þ
where ki represents the motor torque constant and iðtÞ is motor armature current. To simplify the
modeling, the motor input voltage uðtÞ is proportional to the motor armature current iðtÞ in ouraTbT
b b
  bR
aω 
ω 
aRaτ
τ
Fig. 2. Nip rollers, ﬁlm, and motor.
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obtainsaðtÞ ¼ kik uðtÞ ¼ kI  uðtÞ: ð4Þ
Setting a constant kIa ¼ kI RbRa, it yields thatsbðtÞ ¼ kIauðtÞ: ð5Þ
According to Newton’s law of motion, the relation between the roller torque sb and the web
tensions can be represented as:_hðtÞ ¼ sbðtÞ  BxbðtÞ þ ðTbðtÞ  TaðtÞÞRb; ð6Þ
hðtÞ ¼ JxbðtÞ; ð7Þwhere J is the sum of the inertia of motor, belt, and roller, T is the web tension, and B is the
viscous friction coeﬃcient. From Eqs. (5)–(7), it can be obtained thatJ _xbðtÞ ¼ kIauðtÞ  BxbðtÞ þ ðTbðtÞ  TaðtÞÞRb: ð8Þ2.2. Relation between web tensions and the transporting speed
The diagram of the web-fed machine is shown in Fig. 1. In this work, the control objective is to
stabilize the web transporting speed and tensions by means of controlling the input voltages of
motors x and y. As shown in Fig. 1, referring to Eq. (8), torque equations for rollers x and y can be
obtained as followsJx _xxðtÞ ¼ kIxuxðtÞ  BxxxðtÞ þ ðT1ðtÞ  T3ðtÞÞRx; ð9Þ
Jy _xyðtÞ ¼ kIyuyðtÞ  ByxyðtÞ þ ðT3ðtÞ  T2ðtÞÞRy; ð10Þ
It _xt ¼ ðT2ðtÞ  T1ðtÞÞRt; ð11Þwhere It is the rotation inertia of the idler roll, where a tension sensor is installed. Arranging the
upper equations, it yields that_xx ¼ kIxuxðtÞ  BxxxðtÞ þ ðT1ðtÞ  T3ðtÞÞRxJx ; ð12Þ
_xy ¼ kIyuyðtÞ  ByxyðtÞ þ ðT3ðtÞ  T2ðtÞÞRyJy ; ð13Þ
_xt ¼ ðT2ðtÞ  T1ðtÞÞRtIt : ð14Þ
We consider each web length between two rollers. It is deﬁned that each web length at the
original time is represented as S0, i.e. S0  Sðt0Þ. Since the web variation, as generated by the
roller, can be expressed in the following form,Z t
t0
rðfÞxðfÞdf
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Z t
t0
RtxtðfÞdf
Z t
t0
RxxxðfÞdf; ð15Þ
S2 ¼ S20 þ
Z t
t0
RyxyðfÞdf
Z t
t0
RtxtðfÞdf; ð16Þ
S3 ¼ S30 þ
Z t
t0
RxxxðfÞdf
Z t
t0
RyxyðfÞdf: ð17ÞFurthermore, every web tension can be expressed by the following representation.T ðtÞ ¼ KSðtÞ þ D _SðtÞ; ð18Þ
where K and D represent the spring constant and the damping constant of web, respectively.
Diﬀerentiating Eq. (18), it yields that_T ðtÞ ¼ K _SðtÞ þ D€SðtÞ: ð19Þ
From Eqs. (15)–(17) and (19), we can obtain the equations of the web tension variations as
follows:_T1ðtÞ ¼ KðRtxtðtÞ  RxxxðtÞÞ þ DðRt _xtðtÞ  Rx _xxðtÞÞ; ð20Þ
_T2ðtÞ ¼ KðRyxyðtÞ  RtxtðtÞÞ þ DðRy _xyðtÞ  Rt _xtðtÞÞ; ð21Þ
_T3ðtÞ ¼ KðRxxxðtÞ  RyxyðtÞÞ þ DðRx _xxðtÞ  Ry _xyðtÞÞ: ð22ÞSubstituting Eqs. (12)–(14) into Eqs. (20)–(22), it follows that the relations among web tension
variations, the angular velocities of the rollers, and the motor voltage inputs can be expressed in
the following equations._T1ðtÞ ¼  DR
2
x
Jx

þ DR
2
t
It

T1ðtÞ þ DR
2
t
It
T2ðtÞ þ DR
2
x
Jx
T3ðtÞ  KRx

 DRxBx
Jx

xxðtÞ þ KRtxtðtÞ
 DRxkIx
Jx
uxðtÞ; ð23Þ
_T2ðtÞ ¼ DR
2
t
It
T1ðtÞ  DR
2
t
It
 
þ DR
2
y
Jy
!
T2ðtÞ þ
DR2y
Jy
T3ðtÞ þ KRy

 DRyBy
Jy

xyðtÞ  KRtxtðtÞ
 DRykIy
Jy
uyðtÞ; ð24Þ
_T3ðtÞ ¼ DR
2
x
Jx
T1ðtÞ þ
DR2y
Jy
T2ðtÞ  DR
2
x
Jx
 
þ DR
2
y
Jy
!
T3ðtÞ þ KRx

 DRxBx
Jx

xxðtÞ
 KRy

 DRyBy
Jy

xyðtÞ þ DRxkIxJx uxðtÞ 
DRykIy
Jy
uyðtÞ: ð25Þ
868 C.-L. Chen et al. / Appl. Math. Modelling 28 (2004) 863–876In this work, the derived equations expressed in (12)–(14), (23)–(25), and which are expressed in
state space form, will be used to describe the relationship between the variations in web tension,
the angular velocities of the rollers, and the motor inputs in the web-fed machine.
2.3. System simpliﬁcation
In order to simplify the controller structure, we will attempt to reduce the order of the dynamic
Eqs. (12)–(14), (23)–(25), used to describe the relationship among the web tension variations,
roller angular velocities, and motor inputs of the web-fed machine in this subsection. Deﬁning
a state vector X ¼ ½ x1 x2 x3 x4 x5 x6 	T ¼ ½xx xy xt T1 T2 T3 	T and a control input
vector U ¼ ½ ux uy 	T, Eqs. (12)–(14), (23)–(25) can be rewritten as the following sixth-order
system._x1 ¼ BxJx x1 þ
Rx
Jx
x4  RxJx x6 þ
kIx
Jx
ux; ð26Þ
_x2 ¼ ByJy x2 
Ry
Jy
x5 þ RyJy x6 þ
kIy
Jy
uy; ð27Þ
_x3 ¼ RtIt x4 þ
Rt
It
x5; ð28Þ
_x4 ¼  KRx

 DRxBx
Jx

x1 þ KRtx3  DR
2
t
It

þ DR
2
x
Jx

x4 þ DR
2
t
It
x5 þ DR
2
x
Jx
x6  DRxkIxJx ux; ð29Þ
_x5 ¼ KRy

 DRyBy
Jy

x2  KRtx3 þ DR
2
t
It
x4  DR
2
t
It
 
þ DR
2
y
Jy
!
x5 þ
DR2y
Jy
x6 þ DRykIyJy uy ; ð30Þ
_x6 ¼ KRx

 DRxBx
Jx

x1  KRy

 DRyBy
Jy

x2 þ DR
2
x
Jx
x4 þ
DR2y
Jy
x5  DR
2
x
Jx
 
þ DR
2
y
Jy
!
x6
þ DRxkIx
Jx
ux  DRykIyJy uy : ð31ÞIn this work, it has been described that the control objective is to control the tension and speed of
the web, hence system outputs are deﬁned as V ¼ Rxx1 and T ¼ cos hðx4 þ x5Þ. The above equa-
tions can be arranged so as to obtain that x6 ¼ ðx4 þ x5Þ. By means of the equality
x6 ¼ ðx4 þ x5Þ, we can simplify the sixth-order system as a ﬁfth-order system, which is repre-
sented in the following representations._x1 ¼ BxJx x1 þ 2
Rx
Jx
x4 þ RxJx x5 þ
kIx
Jx
ux; ð32Þ
_x2 ¼ ByJy x2 
Ry
Jy
x4  2RyJy x5 þ
kIy
Jy
uy ; ð33Þ
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Rt
It
x5; ð34Þ
_x4 ¼  KRx

 DRxBx
Jx

x1 þ KRtx3  DR
2
t
It

þ 2DR
2
x
Jx

x4 þ DR
2
t
It

 DR
2
x
Jx

x5  DRxkIxJx ux;
ð35Þ
_x5 ¼ KRy

 DRyBy
Jy

x2  KRtx3 þ DR
2
t
It
 
 DR
2
y
Jy
!
x4  DR
2
t
It
 
þ 2DR
2
y
Jy
!
x5 þ DRykIyJy uy :
ð36Þ
If we deﬁne the new state variables x4 ¼ x1 þ 1DRx x4 and x5 ¼ x2  1DRy x5. Then, the above stated
equations (32)–(36) can be rearranged as follows:_x1 ¼  BxJx

þ 2DR
2
x
Jx

x1 þ DRxRyJx x2 þ 2
DR2x
Jx
x4  DRxRyJx x5 þ
kIx
Jx
ux; ð37Þ
_x2 ¼ DRxRyJy x1 
By
Jy
 
þ 2DR
2
y
Jy
!
x2  DRxRyJy x4 þ 2
DR2y
Jy
x5 þ kIyJy uy; ð38Þ
_x3 ¼ DRxRtIt x1 þ
DRyRt
It
x2  DRxRtIt x4 
DRxRt
It
x5; ð39Þ
_x4 ¼ DR
2
t
It

 K
D

x1 þ DRyR
2
t
RxIt
x2 þ KRtDRx x3 
DR2t
It
x4  DRyR
2
t
RxIt
x5; ð40Þ
_x5 ¼ DRxR
2
t
RyIt
x1 þ DR
2
t
It

 K
D

x2 þ KRtDRy x3 
DRxR2t
RyIt
x4  DR
2
t
It
x5: ð41ÞSystem outputs become:V ¼ Rxx1; ð42Þ
T ¼ D  cos h  ½Rxx1 þ Ryx2 þ Rxx4  Ryx5	: ð43ÞReferring to Eqs. (42) and (43), two new variables are chosen asy1 ¼ x1; ð44Þ
y2 ¼ Rxx1 þ Ryx2 þ Rxx4  Ryx5: ð45ÞTherefore, the original sixth-order system is ﬁnally simpliﬁed to a ﬁfth-order system represented in
the forms.
Eqs. (37)–(45) can be written in the following vector forms_y ¼ Aey þ Beuþ dðxÞ; ð46Þ
_x ¼ Cexþ Dey; ð47Þwhere y ¼ ½ y1 y2 	T, x ¼ ½ x3 x4 x5 	T,
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dðxÞ ¼
DR2x
Jx
x4
RxBy
Jy
þ DRxR
2
y
Jy
 DR
3
x
Jx
 RxK
D
 !
x4 þ RyKD 
RyBy
Jy
 
x5
26664
37775;andDe ¼
2
DRxRt
It
DRt
It
2
DR2t
It
 K
D
DR2t
RxIt
2
DRxR2t
RyIt
 RxK
RyD
DR2t
RyIt
 K
RyD
26666664
37777775:Deﬁning the output tracking error vector ee ¼ yd  y; ð48Þ
where yd denotes the desired output, then from Eqs. (46)–(48) we can obtain an error equation_e ¼ _yd þ Aee Beu ðAeyd þ dðxÞÞ; ð49Þ
_x ¼ Cexþ Deyd  Dee: ð50ÞHere, Eq. (50) is considered the system internal dynamics. For the entire system (49) and (50), the
precondition of stability is that the system internal dynamics must be stable. When the system
output y approaches the desired output yd , in Eq. (50), term Deyd  Dee will tend to the Deyd value.
Therefore, it is only required that equation _x ¼ Cex is stable. For equation _x ¼ Cex, we can easily
calculate its eigenvalues and ﬁnd that they are in the left half-plane of the s-plane, i.e.
ki < 0; i ¼ 1; 2; 3. Hence, it follows that the system’s internal dynamics are stable. The term
Aeyd þ dðxÞ in Eq. (49) can be regarded as an external disturbance. Since the system’s internal
dynamics are stable, system state x will ﬁnally approach to a ﬁnite value. Therefore, the external
disturbance is a bounded disturbance. From Eq. (46), it is known that the external disturbance
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deleted by means of a suitable controller.3. Sliding mode control via on-line estimator
In this section, referring to the work [10], a discrete-time sliding mode control via on-line
estimator, based on a recurrent network is provided for the tension and speed control of the web-
fed machine. Consider a discrete-time systemyðk þ 1Þ ¼ F ðyðkÞ; kÞ þ BðyðkÞ; kÞuðkÞ þ dðkÞ ð51Þ
¼ eF ðyðkÞ; kÞ þ DF ðyðkÞ; kÞ þ ½eBðyðkÞ; kÞ þ DBðyðkÞ; kÞ	uðkÞ þ dðkÞ; ð52Þwhere yðkÞ 2 Rn is the system state vector, uðkÞ 2 Rm is the control input vector, dðkÞ 2 Rn is the
external disturbance vector, F ðyðkÞ; kÞ, eF ðyðkÞ; kÞ, and DF ðyðkÞ; kÞ represent the real system state
function, the nominal system state function, and the uncertain system state function vectors of
appropriate dimensions, respectively, BðyðkÞ; kÞ, eBðyðkÞ; kÞ, and DBðyðkÞ; kÞ represent the real
input, the nominal input, and the uncertain input matrices of appropriate dimensions, respec-
tively. Deﬁne a state error at the sampling instant keðkÞ ¼ ydðkÞ  yðkÞ;
where ydðkÞ represents the desired state. Then, the state error at the sampling instant k þ 1 is
expressed aseðk þ 1Þ ¼ ydðk þ 1Þ  yðk þ 1Þ ¼ F ðyðkÞ; kÞ  BðyðkÞ; kÞuðkÞ þ ydðk þ 1Þ: ð53Þ
A discrete-time sliding surface is deﬁned in the linear combination of the state error assðkÞ ¼ GeðkÞ; ð54Þ
where G 2 Rmn is designed so that the state error staying on sðkÞ ¼ 0 for all k is stable. As the
system state enters the sliding surface, the ﬁrst-order diﬀerence equation of the sliding variable is
equal to 0, i.e.,sðk þ 1Þ  sðkÞ ¼ 0: ð55Þ
From Eqs. (51) and (55), the equivalent control input can be obtained from the following formueqðkÞ ¼ ðGBÞ1½GF þ sðkÞ  Gydðk þ 1Þ	: ð56Þ
Then, a Lyapunov function candidate is deﬁned asV ðkÞ ¼ sðkÞTsðkÞ: ð57Þ
Let DV ðkÞ ¼ V ðk þ 1Þ  V ðkÞ, which implies thatDV ðkÞ ¼ ½sðk þ 1Þ þ sðkÞ	TDsðkÞ; ð58Þ
where DsðkÞ ¼ sðk þ 1Þ  sðkÞ. Setting an equation as½sðk þ 1Þ þ sðkÞ	TDsðkÞ þ sðkÞTDsðkÞ ¼ 0; ð59Þ
872 C.-L. Chen et al. / Appl. Math. Modelling 28 (2004) 863–876where D is a positive deﬁnite matrix. If Eq. (59) can be achieved, it means that the existence of the
sliding surface can be ensured.DV ðkÞ ¼ sðkÞTDsðkÞ: ð60ÞAs Eq. (59) is satisﬁed and sðkÞ ¼ 0, it yields sðk þ 1Þ ¼ 0. This means that the state error vector
has attained the sliding surface. Therefore, when the equivalent control input is applied, the state
error will be driven to the sliding surface and then along the sliding surface to the equilibrium
point of the state error dynamic equation. Once sðkÞ 6¼ 0, it implies that the state error has not
entered the sliding surface. Hence, the other additional control input must be derived to drive the
state error to the sliding surface. Deﬁne a new variableQðkÞ ¼ I þ sðk þ 1Þ½sðkÞTsðkÞ	1sðkÞT: ð61ÞSubstituting Eq. (61) into Eq. (59), then it is rearranged to be in the following form:sðkÞT½QðkÞTDsðkÞ þ DsðkÞ	 ¼ 0: ð62ÞFrom Eq. (62), since sðkÞ 6¼ 0 it yields thatQðkÞTDsðkÞ þ DsðkÞ ¼ 0: ð63ÞSubstituting Eq. (54) into (63), it is obtained thatQðkÞT½Geðk þ 1Þ  sðkÞ	 þ DsðkÞ ¼ 0: ð64Þ
This can be further written asGeðk þ 1Þ ¼ ½QðkÞT	1DsðkÞ þ sðkÞ: ð65Þ
Combining Eq. (53) and Eq. (65), it yields that the control input is represented asuðkÞ ¼ ðGBÞ1 GF
n
 ½QðkÞT	1DsðkÞ þ sðkÞ  Gydðk þ 1Þ
o
¼ ueqðkÞ þ ðGBÞ1½QðkÞT	1DsðkÞ: ð66Þ
It is apparent that the control input contains the equivalent control input. That is to say, when
the state error is outside the sliding surface, the control input will drive the state error to the
sliding surface. After the state error has reached the sliding surface, the equivalent control input
will ensure that the state error will move along the sliding surface to the equilibrium point. It is
noted that the control input only can be implemented when the system’s real state function vector
and the real input matrix are known in advance. If there are modeling uncertainties, system
parameter variations, and external disturbances existing in the system as in Eq. (52), then the error
state equation (53) is rewritten aseðk þ 1Þ ¼ ydðk þ 1Þ  yðk þ 1Þ
¼ eF ðyðkÞ; kÞ  DF ðyðkÞ; kÞ  ðeBðyðkÞ; kÞ þ DBðyðkÞ; kÞ	uðkÞ þ ydðk þ 1Þ  dðkÞ:
ð67Þ
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ð68ÞTo obtain the control input, the following uncertain term in Eq. (68)G½DF ðyðkÞ; kÞ þ DBðyðkÞ; kÞuðkÞ	 þ GdðkÞ
should be estimated. In this work, the above uncertainty will be estimated by an on-line estimator
based on a recurrent neural network (Fig. 3). Setting the output of the estimator asGN ½unðkÞ	;
where positive integer n represents the number of iterations in the neural network. As n!1, the
estimated form is expressed as per the following formGN ½unðkÞ	 ! G½DF ðyðkÞ; kÞ þ DBðyðkÞ; kÞuðkÞ	 þ GdðkÞ: ð69Þ
It follows that the new, available control input is represented asuðkÞ ¼ ðGeBÞ1 GN ½unðkÞ	n  ½QðkÞT	1DsðkÞ þ GeF þ sðkÞ  Gydðk þ 1Þo: ð70Þ
From Eqs. (57) and (70), we obtainDV ¼ sðkÞT GN ½unðkÞ	f  G½DF ðyðkÞ; kÞ þ DBðyðkÞ; kÞuðkÞ	  GdðkÞg  sðkÞTDsðkÞ: ð71Þ
In other words, when the estimator can exactly estimate the system uncertainty, then Eq. (71) can
be thought of as Eq. (60), and the system can be considered stable. From Eqs. (65) and (70), it
yieldsGeðk þ 1Þ ¼ G½DF þ DBuðkÞ	  GdðkÞ þ GN ½unðkÞ	  ½QðkÞT	1DsðkÞ þ sðkÞ: ð72ÞFig. 3. The architecture graph of a recurrent neural network.
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Therefore, the estimating error can be used to train the recurrent neural network by the learning
algorithm.4. Numerical simulations
In order to show the performance of the sliding mode control via on-line estimator based on the
recurrent neural network, the proposed control method is applied to the tension and speed
controls of the moving web in the web-fed machine. Some numerical simulation results are given
and analyzed. Consider a web-fed machine with system parameters as: Bx ¼ By ¼ 7 103 Nm s,
Jx ¼ Jy ¼ It ¼ 8 104 kgm2, Rx ¼ Ry ¼ Rt ¼ 0:02 m, D ¼ 2:0 N s/m, K ¼ 368:6 N/m, and
kIx ¼ kIy ¼ 0:318 Nm/V. Taking the sampling time as 0.01 s, we can obtain the following discrete-
time state equations from Eqs. (46) and (47) as follows:yðk þ 1Þ ¼ AdyðkÞ þ ðBd þ DBdÞuðkÞ þ DdðkÞ;
xðk þ 1Þ ¼ CdxðkÞ þ EdyðkÞ;whereAd ¼ 0:9071 1:29130 5:6153
 
; Bd ¼ 3:7498 0:0375470:21264 0:21264
 
;
Dd ¼ 0:0070542 0:0165820:093911 0:093911
 
; Cd ¼
0:98175 0:01968 0
1:8135 0:96207 0
1:8135 0:80373 0:15834
24 35;
Ed ¼
0:037932 0:492
1:7756 0:94829
1:7756 41:135
24 35; and DBd ¼ 0 0:08Bd120 0
 
¼ 0 0:00300376
0 0
 
:For the structure of the neural network, two input neurons, two output neurons, and two
feedback connection neurons are chosen. The initial input values and initial output values of the
network are set as 0.001, 0.002, 0.2, and 0.4, respectively. Network connection weights are chosen
as W1 ¼ 0:1, W2 ¼ 0:2, and the number of iterations is ﬁxed at 4. For the computer simulation, the
desired tension and the desired speed of the moving web are given as 2.0 N and 0.5 m/s,
respectively. Computer simulation starts with the design matrices G ¼ 1 0
0 1
 
, D ¼ 0:4 0
0 0:4
 
.
Simulation results are given in Fig. 4(a)–(j). Even though the system is subjected to system
parameter uncertainty and external disturbance, it can be seen that the control objective can be
achieved. As shown in Fig. 4(a) and (b) the speed and the tension of the moving web can satis-
factorily follow the desired reference values, 2.0 N and 0.5 m/s. It is also evident from Fig. 4(c)–(g)
that the other signals are bounded. Fig. 4(h)–(j) indicate that the equilibrium point of the system
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(c)  Time responses of state variable x3(k).
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(d) Time response of state variable )(4 kx .
0 50 100 1 5 0 2 0 0 250 300 3 5 0 4 0 0 450 5 0 0
2 0
3 0
4 0
5 0
6 0
7 0
Time (0 .01s )
0 50 100 150 200 250 300 350 400 450 500
0
0.2
0.4
0.6
0.8
1
Time (0.01s)
(a) Time response of the web speed )(ky1 )/( sm . 
(e) Time response of state variable )(5 kx .
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(f) Control input )(kux  (volts).
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(g) Control input uy (k) (volts).
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(h) Time response of phase plane.
(j) Time response of sliding variable s2(k).(i) Time response of sliding variable s1(k).
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Fig. 4. The performance of the sliding mode control via on-line estimator based on a recurrent neural network for the
web-fed machine.
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to the sliding model control scheme, it possesses the invariance property to system uncertainties
after the state error enters the sliding mode. Therefore, system uncertainties only have an eﬀect in
the period of approaching the sliding surface state. Appropriately setting the size of the positive
deﬁnite matrix D can suppress the eﬀects of system uncertainties in the system.5. Conclusions
The mathematical model of a web-fed machine has been systematically constructed in this
paper. To promote the production quality of the manufacturing, or the ﬁnishing process, the
controls of the speed and the tension of the moving web must be considered. In view of the
invariance property of the sliding mode control, a novel control method is applied to control
the tension and the speed of the moving web. For decreasing the eﬀects of system parameter
variations, unmodeled errors, and external disturbances, an estimator based on a recurrent neural
network is used to estimate these system uncertainties such that the operation range becomes
more ﬂexible and the system performance is improved. From the numerical simulations it is
evident that the sliding mode control, via on-line estimator based on a recurrent neural network,
works well on a web-fed machine.References
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